A B S.T R A C T The mechanism of lithium-induced diabetes insipidus was investigated in 96 patients and in a rat model. Polydipsia was reported by 40% and polyuria (more than 3 liter/day) by 12% of patients receiving lithium. Maximum concentrating ability after dehydration and vasopressin was markedly impaired in 10 polyuric patients and was reduced in 7 of 10 nonpolyuric patients studied before and during lithium therapy. Severe polyuria (more than 6 liter/day) was unresponsive to trials of vasopressin and chlorpropamide, but improved on chlorothiazide. Rats receiving lithium (3-4 meq/kg/day) developed massive polyuria that was resistant to vasopressin, in comparison to rats with comparable polyuria induced by drinking glucose. Analysis of renal tissue in rats with lithium polyuria showed progressive increase in the concentration of lithium from cortex to papilla with a 2.9-fold corticopapillary gradient for lithium. The normal corticopapillary gradient for sodium was not reduced by lithium treatment. The polyuria was not interrupted by brief intravenous doses of vasopressin (5-10 mU/kg) or dibutyryl cyclic AMP (10-15 mg/kg) capable of reversing water diuresis in normal and hypothalamic diabetes insipidus rats (Brattleboro strain). The present studies suggest that nephrogenic diabetes insipidus is a common finding after lithium treatment and results
INTRODUCTION
The effects of lithium in man received little attention until the recent widespread use of its salts in the treatment of affective disorders (1-4). Several reports have described a reversible polyuria unresponsive to vasopressin in patients receiving lithium (5-7). Lithium has been reported to inhibit the antidiuresis normally produced by vasopressin in water-loaded rats (8) , to inhibit various effects of vasopressin and 3'5' cyclic AMP in toad urinary bladders (7) (8) (9) (10) , and to interfere with the stimulation of adenyl cyclase by vasopressin in rabbit and human renal medullary tissue (11) (12) . We report here a series of investigations on the effects of lithium on the renal concentrating mechanism of man and the rat.
METHODS
Human stuidies. 96 consecutive patients attending a lithium outpatient clinic were studied. Patients were questioned about any change in their water intake and urine output since the beginning of lithium therapy. Daily urine volumes were determined in patients reporting polyuria. Renal concentration tests were performed in polyuric patients and in 10 patients before and after 8-12 wk of lithium carbonate therapy, 900-2,400 mg/day. Three patients with severe polyuria (6-9 liter/day) were studied in a clinical research unit. All medications except lithum were discontinued and the patients were placed on a 4-g NaCl diet with monitoring of daily fluid balance. The effects of 4-7 days treatment with vasopressin, chlorpropamide, and chlorothiazide were investigated. '7( lincreased thlirst anid water it-ake 36 40 PolyLnria (>3 liter/day) by ilmeastiremiienit 11 
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Unmeasured increase inl uriine voltIime 19 20 A standardized test of renal concentrating ability (Umax)' was used in all patients (13) . Patients were deprived of fluid from 6 p.m. on the evening before the test. Beginning at 6 or 7 a.m., urine specimens were collected each hour, and the volume and osmolality measured. When the osmolality of the urine (Uo,sm) had reached a constant plateau (16- Analysis of renal tissue for water and electrolyte content was performed in normal untreated rats and in chronic (7-day) lithium-treated rats with polyuria. Serum lithium concentration at the time of study was varied in three groups of lithium-treated rats by administering the last lithium dose 24, 8, or 4 h before sacrifice. Food and water were withheld from all animals for 12 h before sacrifice. Electrolyte content of renal tissue was analyzed by methods described previously (14) . Iithium was measture(l by atomic absorption spectrophotometry.
Acute studies with intravenous injections (0.5 ml volume) of vasopressin (5-10 mU/kg in 5 min) and dibutyryl cyclic AMP (15-20 mg/kg in 5 min) were performed in normal rats, lithium-treated rats with polyuria, and rats with hereditary hypothalamic diabetes insipidus (Brattleboro strain). Homozygous Brattleboro rats excreting more than 50% of body weight as urine/day were selected for study. Lithium rats received their daily lithium dose 2 h before study. Animals were anesthetized with Inactin (Promonta, Hamburg, West Germany) and a tracheostomy was performed. Catheters were placed in 1 Abbreviations used in this paper: cyclic AMP, 3' 5' AMP; dibutyryl cyclic AMP, N62'-0-dibutyryl AMP; GFR, glomerular filtration rate; TSH, thyroid-stimulating hormone; Umax, maximum urine osmolality; Uosm, urine osmolality. both external jugular veins and bladder. Urine was collected directly into 1-ml silicone-coated pipettes during 10- A marked impairment of renal concentrating ability was demonstrated in 10 polyuric patients studied (Table II) . The urine of patients 1-4 remained hypo- tonic to plasma despite prolonged dehydration with serum osmolalities of 295-310 mosmol/kg. Six patients showed a spectrum of concentrating defects with U.ax ranging from 478-668 mosmol/kg after dehydration and vasopressin. Of special inter-est were two patients, 1 and 6, who showed substantial increase (60 and 58%) in Uosm when vasopressin was given after dehydration.
In these patients, lithium may have inhibited the synthesis or release of vasopressin. In 10 additional patients the effect of lithium on maximum concentrating ability was studied prospectively with measurement of Unax before and after 8-12 wk on lithium therapy (Fig. 1) . Maximum concentrating ability was significantly reduced after lithium in this group of patients, with Unax (mean±SEM) declining from 1,001+-47 to 845±33 mosmol/kg.
Response to therapy for diabetes insipiduss. Response to therapy for diabetes insipidus was evaluated in three patients with severe, symptomatic polyuria (6,000-9,200 ml/day). Studies were performed on a clinical research ward, with monitoring of fluid balance on a 4-g NaCl diet. After a control period of 4 days, each patient received 5 U of well mixed vasopressin tannate in oil for 4 days, followed by chlorpropamide, 500-750 mg daily for 4 days, and chlorothiazide, 0. Animal studies
Response to vasopressin. The mechanism of lithium polyuria was investigated further in Sprague-Dawley rats given daily intraperitoneal injections of isotonic lithium chloride, 3-4 meq lithium/kg/day. Urine volume was increased significantly on the first day of lithium administration ( Fig. 3) . By 4-5 days lithium-treated rats developed profound polyuria, with daily urinary output equal to 50-70% of body weight. Control rats given isotonic sodium chloride, 3-4 meq/kg/day, had no increase in urine volume. Since polyuria and a defect in urinary concentration resistant to vasopressin might conceivably have resulted from primary polydipsia and excessive intake of water, the concentrating ability of lithium-treated rats was compared to that of rats in which comparable polyuria had been induced by addition of glucose to drinking water (Fig. 4) . Dietary intake of sodium and protein was similar in both groups and 24-h urine volumes on the day before the experiment were also comparable (lithium rats 92.0±12. 5 Response to cyclic AMP. Each of the previous observations in patients and animals supported the hypothesis that lithium interfered with the action of vasopressin on the renal tubule. Since the action of vasopressin is presumed to be mediated by an increase in medullary 3'5' cyclic AMP (17) , experiments were performed to evaluate the effect of intravenous infusions of vasopressin and dibutyryl cyclic AMP onl water diuresis in normal, Brattleboro diabetes insipi--dus, and lithium-treated rats (Fig. 6) . A water diuresis resulting in Uosm below 100 was established ini anesthetized animals as described under Methods. Intravenous infusion of vasopressin (5-10 mU/kg in 5 min) produced a concentrated urine within 10-15 miii in normal rats and Brattleboro rats with diabetes insipidus but was ineffective in concentrating the urine above plasma in all lithium rats studied.
Brief intravenous infusions of dibutyryl cyclic AMP (15-20 mg/kg in 5 min) produced a concentrated urine (Uo.. 350-550) in normal and Brattleboro rats lacking endogenous vasopressin. Comparable infusions of dibutyryl cyclic AMP into lithium rats were ineffective in concentrating the urine above plasma osmolality. Maximum Uo..m after vasopressin and dibutyryl cyclic AMP were not significantly different (P > 0.05) in normal and Brattleboro rats. Although a slight increase in Uosm above baseline values (P < 0.05) occurred after dibutyryl cyclic AMP in lithium-treated rats, the urine remained hypotonic to plasma and was Inot accompanied by a reduction in urine flow (Table  IV) duced (P < 0.001) after both vasopressin and dibutyryl cyclic AMP in normal and Brattleboro rats. It was possible that vasopressin or dibutyryl cyclic AMP might have produced a concentrated urine in Brattleboro rats with diabetes insipidus because of an effect on renal circulation (e.g. to reduce GFR) rather than the usually presumed action on the permeability of collecting ducts to water. The effects of vasopressin and dibutyryl cyclic AMP on the GFR were therefore investigated in separate experiments during infusion of both agents into water-loaded Brattleboro rats. At infusion rates of vasopressin up to 13 mU/kg/60 min, GFR remained stable (750-1,000 ttl/min/100 g rat) in six of seven animals studied. After infusion of larger doses of dibutyryl cyclic AMP (67-100 mg/kg/60 min) two patterns of GFR response were noted. GFR RAT remained stable (Fig. 7 , upper graph) in five and decreased significantly in four (Fig. 7, lower (5) reported two patients with lithium-induced polyuria and suggested a transient hypokalemic nephropathy as the cause for this defect. Lee, Jampol, and Brown (6) reported a single patient with lithium-induced polyuria and polydipsia with a persistent concentrating defect (U..m 241) 46 days after cessation of therapy. Singer, Rotenberg, and Puschett (7) reported three patients with lithium polyuria who demonstrated a normal excretion of solute-free water with marked impairment of solutefree water reabsorption after hypertonic saline and vasopressin. On the basis of these findings they suggested that the concentrating defect was most likely due to impaired water flow across the distal tubule rather than interference witlh sodium chloride transport in the ascending linmb of the loop of Henle.
The response to therapy in the present studies confirms the nephrogenic basis of lithium polvuria in humans. Unlike patients with primary psychogenic polyuria, in wlhom prolonged vasopressin therapy results in concentrated urine and occasional water intoxication (18) , lithium-polyuric patients failed to reduce their polyuria or increase their urine osmolality after 4 days of treatment with vasopressin tannate. Chlorpropamide, which facilitates the action of vasopressin on the distal tubule (19, 20) and toad bladder (21, 22) and is ineffective in nephrogenic diabetes insipidus (23) (24) (25) , was likewise ineffective in these patients. The dramatic reduction in polyuria and increase in Uosm after chlorothiazide administration to patients with lithiumI polyuria is consistent with the similar action of this agent in hereditary nephrogenic diabetes insipidus (26, 27) . While the antidiuresis of chlorothiazide is incompletely understood, it is likely that this agent reduced the deliverv of water to the distal nephron as a conse(luenice of sodium diuresis, (limiiinished GFR, and increased fractional reabsorption of sodium and water in the proximal tubule (28) (29) (30) (31) .
Lithium polyuria in experimental animals was first noted by Radomski, Fuyat, Nelson, and Smith in the dog (32) and Schou (33) in the rat. It was recently suggested that lithium polyuria in the rat resulted from excessive intake of water (34) . The present experiments exclude this explanation. If concentrating ability were reduced as a result of excessive intake of water, the response to vasopressin should be similar in rats with lithium polyuria and rats with comparable polyuria induced by glucose drinking. Instead, chronic lithium-treated animals showed little response to large doses of vasopressin, which produced a concentrated urine in rats drinking glucose. Like rats with pituitary diabetes insipidus, lithium rats were able to achieve a concentrated urine after prolonged dehydration, suggesting that at low flow rates in the distal tubule and collecting ducts, lithium did not prevent partial equilibration of tubular fluid with the hypertonic interstitium.
A possible mechanism for the defect in urinary concentration induced by lithium is that the transport and sequestration of sodium in the medulla and papilla might be disrupted. This seems unlikely because of the finding in this study of a normal corticopapillary gradient for sodium and a normal papillary water content in each of three groups of lithium-polyuric rats. Studies by Valtin in Brattleboro diabetes insipidus rats (16) showed a normal corticopapillary gradient for sodium expressed in meq/100 g dry solids, normal water content in cortex and medulla, but an increase in water content in papillary tissue. Differences in papillary water content in these studies may be related to the higher urine flow in Brattleboro rats, which excreted up to 100% of body weight in a 24-h urine as compared to 40-60% of body weight in lithium rats in the present study.
The ability of the rat kidney to establish a corticopapillary gradient for lithium was demonstrated in the present studies. Solomon reported a similar gradient for lithium, but not rubidium or cesium, in the dog kidney after isotonic infusion of each alkali metal salt (35) . Lithium-induced polyuria was noted in all rats in comparison to less than a third of human subjects studied, despite similar plasma lithium concentrations (0.-1.5 meq/liter) in both species. The capacity of rodents to establish higlher concentrations of papillary sodium, and presumably lithium, in comparison to man could result in increased lithium concentrations at the sites of action of vasopressin in the rat. In our studies and those of Solomon (35) lithium did not alter the cortico-papillary gradient for sodium, suggesting that this cation does not interfere with the mechanisms by which a sodium gradienit is establishe(d in the renal medulla.
These experiments supported the theory that lithium directly interferes with the action of vasopressin on the distal tubule and collecting duct of the rat. This hypothesis was explored further by investigating the effects of intravenous infusions of vasopressin and dibutyryl cyclic AMP in rats. Short infusions of vasopressin, sufficient to inhibit a water diuresis and concentrate the urine in the Brattleboro rat (with a known reduction in papillary hypertonicity) were ineffective in lithium-polyuric rats. This effect of lithium could result from interference with the mediation of vasopressin at any known step within the renal tubular cell, including the adenyl cyclase receptor site, the rate of formation of cyclic AMP, the level of phosphodiesterase activity, or the activation of a protein kinase. Dibutyryl cyclic AMP infusions produced a concentrated urine in normal and Brattleboro rats. Infusions of dibutyryl cyclic AMP were, however, ineffective in concentrating the urine in lithium-treated rats. These findings suggest that at least one action of lithium includes interference with the cellular mediation of vasopressin at a step beyond the formation of cyclic AMP.
It must be noted that the capacity of intravenous cyclic AMIP or its dibutyryl derivative to mimic vasopressin in vivo has heretofore been open to question (36) . This effect has been suggested in man (37) and the rabbit (38) but changes in GFR were not excluded in these studies. At the doses employed in the present studies dibutyryl cyclic AMP interrupted a water diuresis in Brattleboro rats with both stable and reduced GFRs. The possibility is not entirely excluded that antidiuresis in Brattleboro rats with diabetes insipidus was the result of some unmeasured change in the renal circulation or of the release of oxytocin from the hypothalamus.
An effect of lithium on vasopressin-stimulated adenyl cyclase is not excluded by these studies. In vitro data indicate that lithium may inhibit the stimulation of adenyl cyclase in brain (39) , thyroid (40) , and kidney tissue (10) , and Dousa has recently reported that 5-30 mM LiCl inhibited vasopressin-stimulated adenyl cyclase prepared from human renal medullary tissue (12) . Studies in thyroid tissue also suggest that lithium may interfere with hormone function at more than one site of the adenyl cyclase effector sequence. Lithium is capable of inhibiting stimulation of thyroid adenyl cyclase by thyroid-stimulating hormone (TSH) (41) . In addition, low doses of lithium given in vivo inhibit colloid droplet formation in response to dibutyryl cyclic AMP as well as to TSH (42) , suggesting a block subsequent to cyclic AMP formation. The action of lithium to block antidiuretic hormone-stimulated transport of water or sodium by the toad urinary bladder has been placed both before cyclic AMP formation (7) and after this step (8, 9) by conflicting experiments in different laboratories.
